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A recent study has combined methods of experimental
evolution and DNA microarray technology to examine
evolved changes in gene expression in yeast, providing
intriguing insights into the genetics of adaptation and
functional genomics, and pointing to future uses of
microarray technology in evolutionary genetics.
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A major goal of evolutionary biology is to understand the
genetics of adaptation. What is the relationship between
adaptive phenotypic changes and changes in the genome?
Are adaptive phenotypic changes caused by alterations at
many loci of small effect, at a few loci of large effect, or
some combination of the two? What are the effects on
adaptive evolution of complexities such as the multiple
functions, or pleiotropy, of a single gene, and epistasy, the
dependence of a gene’s function on other genes? Do
identical populations adapt in the same way to identical
environments, or in different ways?
Similarly, one of the central issues in genetics is how the
genotype is related to the phenotype. For every gene
product, what is its function and what is its effect on the
phenotype? How do gene products and genes interact in
producing the phenotype? Information on whole genome
sequences has shown that much remains to be learned in
this area: a large fraction of the apparent genes (as
indicated by open reading frames) in fully sequenced
genomes turn out to be of unknown function. For
example, in yeast over half of the approximately 6200
open reading frames identified through complete genome
analysis have no known function [1].
A recent study has managed to address these broad
evolutionary and genetic issues simultaneously by
combining the methods of experimental evolution with the
emerging technology of DNA microarray analysis. Ferea
et al. [2] have used genomic microarrays to examine global
changes in gene expression in yeast populations propagated
for hundreds of generations in a glucose-limited laboratory
environment. Their analyses revealed hundreds of genes
with substantially altered levels of expression in the
evolved populations. These data provide a window into the
metabolic changes resulting from evolutionary adaptation
in this experimental system, and have important implica-
tions for studies of the genetics of adaptation.
For their evolution experiment, Ferea et al. [2] set up
three replicate populations, E1, E2 and E3, from a single
ancestral diploid strain of the budding yeast, Saccharomyces
cerevisiae. These experimental populations were propa-
gated in identical chemostats — growth chambers into
which fresh medium is continuously pumped and from
which cells and medium are continuously flushed at bal-
anced rates — under glucose-limited growth conditions.
Populations E2 and E3 were propagated for approximately
250 generations, and population E1 was propagated for
500 generations. Within each population, reproduction
was by asexual budding; adaptive evolution could thus
take place only through clonal replacement.
All three experimental populations exhibited significant
phenotypic adaptation to the glucose-limited environment
at the conclusion of the experiment. For example, each
produced approximately three-fold greater biomass per
gram of glucose than the ancestor, while leaving approxi-
mately three-fold less glucose unused. Because these com-
parisons were conducted under conditions that equalised
the opportunity for purely physiological adaptation in the
ancestor and the experimental populations, the adaptation
observed in the experimental populations was evolutionary
— that is, based on genetic changes.
To analyse changes in gene expression, Ferea et al. [2]
compared mRNA levels between the evolved and ances-
tral strains using DNA microarrays. Microarray analysis is a
rapidly-developing technology that allows parallel auto-
mated screening and comparison of thousands of gene-by-
gene hybridisation events involving multiple genomes. In
a typical application, DNA sequences representing the
genes of an entire reference genome are arrayed on a small
glass slide or chip. Samples to be analysed are labelled by
incorporation of nucleotides bearing different coloured
fluorescent dyes (for example, red for the control versus
green for the experiment), mixed and hybridised to the
same array. Laser excitation of the fluorescent labels
allows comparison of the intensity and profile of hybridisa-
tion in control and experimental samples. Much of the
progress in the development of microarray technology has
been made in the yeast field, in which pioneering studies
have demonstrated parallel genome-wide analysis of gene
expression levels [3] and allelic variation [4]. 
Ferea et al. [2] hybridised labelled, total mRNA from their
evolved strains and the ancestor to microarrays spotted
with open reading frames for every yeast gene. They
found that, in all, 608 (roughly 10%) of the 6,124 genes
on the microarray showed a two-fold or higher change in
transcript abundance between at least one of the evolved
populations and the ancestor. (The particular microarray
method used by the authors is only reliable when scoring
expression differences of roughly two-fold or greater.)
When the results for all three evolved populations were
averaged, 184 (3%) of the 6,124 genes still showed a two-
fold or greater change in transcript abundance after the
evolution experiment.
To control for experimental variation, Ferea et al. [2]
cultured two independent isolates from population E1 in
separate chemostats, fluorescently labelled mRNA
samples from each in a different colour and hybridised a
mixture of these labelled mRNAs to a single array. This
assay yielded an observed fraction of two-fold or higher
expression differences between the two preparations of
only 0.19%, suggesting that most of the observed alter-
ations of expression level in the evolved populations were
not due to variation among the isolates chosen for analysis,
growth conditions, or mRNA preparation. Again, because
the comparisons between evolved and ancestral popula-
tions were conducted under conditions that equalised the
opportunity for physiological adaptation, altered gene
expression levels in the evolved populations were the
consequence of genetic changes.
How many genetic changes were there? In similar evolution
experiments conducted earlier with the same ancestral
strain, adaptive substitutions of beneficial alleles were
detected approximately every 50 generations [5]. Thus,
although Ferea et al. [2] did not analyse the temporal
pattern of adaptive substitutions in their experiment, the
number of adaptive substitutions that occurred is unlikely
to have been more than about ten in each population. 
What emerges from this research is a picture in which
alterations in the expression levels of possibly hundreds
of genes are triggered by a small number of adaptive
genetic changes. The best explanation for such a result is
that it reflects evolutionary changes in regulatory genes.
This is supported by the finding of some consistent and
coherent changes in expression levels across the evolved
populations. For example, many genes known to be
involved in respiration of glucose were more strongly
expressed in at least two of the three evolved popula-
tions; conversely, genes encoding enzymes involved in
fermentative production of ethanol from glucose were
more weakly expressed. Every first-year biology student
learns that respiration harvests more ATP molecules per
molecule of glucose than fermentation. As might have
been expected, the experimental populations adapted to
their glucose-limited environment by inhibiting glucose
fermentation and increasing respiration. As Ferea et al.
[2] note, the overall pattern of these results is a “blue-
print for efficient utilization of glucose under low sub-
strate concentrations”.
Many of the coordinate, genetically-based changes in gene
expression observed by Ferea et al. [2] are paralleled in the
results of an earlier experiment by DeRisi et al. [3], which
examined physiological adaptation in yeast cells switching
from fermentation of glucose to oxidation of ethanol. This
parallel strengthens the notion that a few regulatory
changes in the evolved populations of Ferea et al. [2] were
responsible for much of the overall change in gene expres-
sion profile; the same regulatory systems may well have
been involved in producing both sets of results. It would
be interesting to see how much of the change in gene
expression in the evolution experiment was associated
with each successive adaptive genetic substitution. Was
most of the metabolic adaptation in place after one or two
adaptive substitutions, or did it evolve more gradually?
The exact nature of the mutations in their experimental
populations was not addressed by Ferea et al. [2] and must
await genetic analysis that the authors admit will be “less
than straightforward” as the strain that they used is
diploid. Nonetheless, their research clearly demonstrates
the potential power of experimental evolution combined
with gene expression analysis as an approach to functional
genomics. Intriguingly, in addition to the 88 genes of well-
characterised function that showed consistently altered
expression levels in the evolved populations, an approxi-
mately equal number of genes of uncharacterised function
showed consistently altered expression levels — this pro-
vides perhaps the first clues to their functions.
More applications of DNA microarrays to the analysis of
evolution — in both experimental and natural populations
— are certain to appear as the number of complete
genome sequences increases and associated technologies
improve. In the not-too-distant future, it may be possible
to relate the tempo and mode of phenotypic adaptive evo-
lution directly to genetic change in diverse organisms by
using the appropriate microarrays. Some basic questions in
evolutionary genetics may be answered soon.
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